Recent case reports have described athletes previously exposed to repetitive head trauma while participating in contact sports who later in life developed mood disorders, headaches, cognitive difficulties, suicidal ideation, difficulties with speech, and aggressive behavior. Postmortem discoveries show that some of these athletes have pathologic findings that are collectively termed chronic traumatic encephalopathy (CTE). Current hypotheses suggest that concussions or perhaps blows to the head that do not cause the signs and symptoms necessary for making the diagnosis of concussion, so-called subconcussive blows, cause both the clinical and pathologic findings. There are, however, some athletes who participate in contact sports who do not develop the findings ascribed to CTE. Furthermore, there are people who have headaches, mood disorders, cognitive difficulties, suicidal ideation, and other clinical problems who have neither been exposed to repeated head trauma nor possessed the pathologic postmortem findings of those currently diagnosed with CTE. The current lack of prospective data and properly designed case-control studies limits the current understanding of CTE, leading to debate about the causes of the neuropathologic findings and the clinical observations. Given the potential for referral and recall bias in available studies, it remains unclear whether or not the pathologic findings made postmortem cause the presumed neurobehavioral sequela and whether the presumed risk factors, such as sports activity, cerebral concussions, and subconcussive blows, are solely causative of the clinical signs and symptoms. This article discusses the current evidence and the associated limitations. Recent case reports have described athletes previously exposed to repetitive head trauma while participating in contact sports who later in life developed mood disorders, headaches, cognitive difficulties, suicidal ideation, difficulties with speech, and aggressive behavior.
the current understanding of CTE, leading to debate about the causes of the neuropathologic findings and the clinical observations. The purpose of this article is to discuss the current evidence and frame the debate.
Although the term CTE is relatively new, some of the clinical and pathologic findings were described nearly a century ago. In 1928, Dr. Harrison S. Martland 14 described a clinical condition in boxers who were known at the time as being punch drunk. He noted that some boxers, most often sluggers, a class of boxers who often absorb multiple blows to the head while waiting to deliver a decisive knockout blow, frequently developed unsteady gait, mental confusion, slowed muscular response, hesitant speech, tremors, dragging of the leg or foot when ambulating, and facial characteristics similar to those seen in Parkinson disease. He believed the syndrome resulted from a single or repeated blows to the head or jaw, which caused hemorrhages in the deeper portions of the cerebrum. Martland 14 noted that the condition was more common in "second rate fighters used for training purposes," and that duration of exposure to boxing appeared to be associated with a higher likelihood of developing these features.
Later authors also noted a predisposition for the condition among less skilled fighters, and made further observations, noting that the condition was irreversible and progressive, advancing steadily, even after retirement from boxing. 15 Pathologic correlates were soon investigated, and the term punch drunk gave way to the terms dementia pugilistica and traumatic encephalopathy, as authors noted pathologic abnormalities such as cerebral atrophy, particularly of the frontal lobes, 15, 16 presumably a result of repeated cerebral injuries sustained over long boxing careers. 14, 16, 17 The causal relationship between boxing and CTE, however, remained a matter of dispute and controversy. 15 The pathologic findings associated with the disorder were further characterized in a case series of 15 boxers whose brains were studied postmortem by Corsellis et al. 17 These authors described cerebral atrophy, atrophy of the mammillary bodies, thinning of the hypothalamic floor, enlargement of the lateral and third ventricles, cavum septum pellucidum with fenestrations, and loss of pigment in the substantia nigra. While a cavum septum pellucidum can be considered a normal variant, these authors pointed out that the relative width of the cavum septum pellucidum in boxers was approximately 3-5 times that found in nonboxers. Furthermore, boxers had highly fenestrated septae in disproportionate numbers to the nonboxing population: while a fenestrated septum was present in 77% of boxers studied, it was only noted in 3% of nonboxers. These same authors described an increase in astrocytes and the presence of neurofibrillary tangles throughout the frontal and temporal cortex, prominent in the uncus and hippocampus. Unlike the pattern seen in Alzheimer disease, neurofibrillary tangles were seen in the absence of senile plaques. 17 The brains studied by Corsellis et al. were reexamined in the late 1980s by Roberts et al., 18 who discovered large numbers of diffuse b-amyloid plaques. Summarizing the previous reports on dementia pugilistica, Roberts et al. 18 described 3 clinical stages, consisting of (1) affective disturbances and psychotic symptoms; (2) social instability, psychiatric symptoms, memory loss, and the development of parkinsonism; and (3) general cognitive dysfunction and pyramidal tract disease. Many authors since that time have noted similar progressive symptomatology among former and current boxers, [19] [20] [21] [22] [23] although, as of yet, there are no prospective longitudinal studies tracking the progression.
Interest in traumatic encephalopathy surged in the early part of this century, coinciding with the publication of case reports of the disease in American football players. 8, 9 These case reports described former National Football League players who, after their playing careers, displayed cognitive impairment, mood disturbances, depression, suicidality, and parkinsonism. Although findings differed among these former players, they all were noted at autopsy to have findings similar to those reported previously for boxers, including loss of pigment in the substantia nigra, cerebral atrophy, diffuse amyloid plaques, neurofibrillary tangles, and tau-positive neuritic threads in the neocortical areas. 8, 9 These initial case reports were soon followed by other case reports and case series of athletes, including boxers, American football players, and wrestlers, and nonathletes who had repeated brain trauma such as abuse victims, veterans, autistic patients with head-banging behavior, and a circus clown. 7, [10] [11] [12] 24, 25 In an extensive case series of 47 cases of CTE published in 2009, McKee et al. 12 retrospectively reported similar clinical features, such as memory and behavior disturbances, parkinsonism, speech difficulties, and gait abnormalities, associated with cerebral and mammillary body atrophy, dilation of the lateral ventricles, fenestrations of the septum pellucidum, tau-positive neurofibrillary tangles, astrocytic tangles, and neuritic threads. b-amyloid, however, was an inconsistent feature, occurring in fewer than half of the cases they reported. 12 As other case series were reported, b-amyloid continued to be an inconsistent finding. 10, 11, 25, 26 This renewed interest in CTE has led to heightened concerns over traumatic brain injuries sustained by athletes, particularly those playing American football and other contact sports. Still, numerous questions remain unanswered, particularly, given the retrospective design of these studies with the potential for referral and recall bias, whether or not the pathologic findings made postmortem cause the presumed clinical signs and symptoms. In addition, it remains uncertain whether the presumed risk factors such as sports activity, cerebral concussions, and subconcussive blows are solely causative of the clinical signs and symptoms.
DEFINITION OF CTE Despite the renewed interest in studying CTE, a standard, precise, and quantifiable definition is lacking. Different case reports, case series, and review articles use varying definitions. In particular, some definitions specify that CTE occurs as a consequence of repetitive mild traumatic brain injury, 7 or following a single, severe traumatic brain injury, 14, 27 while others note that CTE is currently thought to be caused by repeated exposure to brain trauma. 5, 12, 28 Some criteria limit the definition to athletes who played either amateur or professional contact sports. 29 While there may not be a standard, accepted definition, there are certain characteristics that are common to nearly all definitions of CTE. Most modern definitions of CTE describe it as a neurodegenerative disease associated with repetitive mild traumatic brain injuries. 5, 7, 12, 27, 29 Most definitions suggest a possible clinical syndrome characterized by memory disturbance, behavior changes, parkinsonism, gait abnormalities, speech abnormalities, and mood disturbance. Pathologically, most definitions include cerebral and temporal lobe atrophy, ventriculomegaly, enlarged cavum septum pellucidum with frequently fenestrated septum, and extensive tau-immunoreactive pathology. 5, 7, 12, 17, 27, 29 Several authors note that CTE is associated with b-amyloid deposition, especially in those with a history of boxing. 14, 15, 18, 23, 29 Most experts agree that, at present, the definitive diagnosis can only be made postmortem. 28, 30 CLINICAL CHARACTERISTICS Although there are, as of yet, no prospective, longitudinal studies demonstrating this, clinically, CTE is described as a progressive cognitive, motor, and mood decline. Early symptoms include memory problems and confusion, depressive symptoms, suicidal ideation, headaches, and behavior changes revealing poor impulse control and short temper with aggression. 12, 28, [30] [31] [32] As reported in the case series, patients develop worsening executive functioning, trouble with language, increasingly aggressive behavior, and motor disturbance. Some patients develop parkinsonian signs, including masked facies and tremor. Severe impairments of social functioning and frank dementia can occur. 12, 28, 30, 32 CTE is not considered to be a linear progression from concussion or even postconcussive syndrome, but rather, as its own entity that typically arises insidiously, years after exposure to repetitive brain traumas, and progresses slowly over years or decades. 12, [28] [29] [30] [31] [32] Some consider CTE a diagnosis of exclusion. 21, 30 Others note that all cases are from individuals with a history of repetitive brain trauma. 28 Comorbidities that have been described with CTE can lead to specific clinical symptoms. Pituitary gland atrophy has been associated with CTE and can lead to neuroendocrine findings. Given the high prevalence of Alzheimer disease (AD), a mixed pathology and clinical picture combining CTE or AD has been postulated. 7, 30 Molecular studies have suggested that repeated trauma can increase the toxicity of TAR DNA-binding protein 43 (TDP-43), a key pathologic marker of ubiquitinpositive forms of frontotemporal dementia (FTD) and associated with amyotrophic lateral sclerosis (ALS). 7, 26, 30 Studies have also revealed an increased risk of FTD and ALS in individuals exposed to repetitive brain trauma. 7, [33] [34] [35] The nonspecific nature of the symptoms currently ascribed to CTE and the association with these other comorbidities makes the clinical diagnosis of CTE challenging.
PATHOLOGIC CHARACTERISTICS Grossly, CTE is characterized by cortical atrophy, particularly in the frontal and medial temporal lobes, enlarged lateral and third ventricles, hippocampal atrophy, cavum septum pellucidum, often with a fenestrated septum, dilated perivascular spaces, atrophy of the diencephalon and mammillary bodies, and pallor of the substantia nigra. 17, 28, 30, 32, 36, 37 On a cellular level, CTE is characterized by numerous tau-positive neurofibrillary tangles, neuropil neurites, and astrocytic tangles in the frontal, temporal, and insular cortices, diencephalon, basal ganglia, and brainstem, with predilection for the depths of cortical sulci and perivascular areas. 12, 26, 28, 29, 38, 39 In addition, some experts have reported accumulations of TDP-43 as neuronal and glial inclusions, neurites, and intranuclear inclusions. 7, 28, 40 The pathologic diagnosis of CTE may be complicated by skip phenomenon, whereby neurofibrillary tangles and neuropil threads are absent in many areas in the cortex and intermittently present in other areas within the same lobe in an irregular fashion involving both gyri and sulci. 29 b-amyloid is associated with some cases of CTE, particularly in those with an exposure to boxing, 12, 18, 38, [41] [42] [43] but, as noted above, this finding is described inconsistently. 12, [25] [26] [27] 32 Recently, attempts have been made to specify the pathologic criteria of CTE (table). In addition, the NIH held a consensus conference in February 2015 to define the pathologic criteria of CTE. The report from that conference states, "In CTE, the tau lesion considered pathognomonic was an abnormal perivascular accumulation of tau in neurons, astrocytes, and cell processes in an irregular pattern at the depths of the cortical sulci," further stating, "consensus was that abnormal tau immunoreactivity in neurons and glia, in an irregular, focal, perivascular distribution and at the depths of cortical sulci, was required for the diagnosis of CTE." 44 In an attempt to integrate clinical, gross pathologic, and cellular pathologic findings, McKee et al. 7 have defined 4 stages of CTE. The authors note that this staging correlates with duration of exposure to American football, survival after American football exposure, and age at death. It is important to point out, however, that the staging is ultimately based on a mixed population of individuals-not all former football players-and further studies are needed to relate the clinical and pathologic stages to history and history of trauma. Furthermore, the clinical assessment was performed postmortem through interviews with the next of kin. Nonetheless, the proposed stages offer a useful framework.
Stage I: Perivascular phosphorylated tau neurofibrillary tangles in focal epicenters at the depth of sulci in the superior, superior lateral, or inferior frontal cortex, clinically associated with headaches, loss of attention, and problems with concentration. Stage II: Neurofibrillary tangles in superficial cortical layers adjacent to focal epicenters, in the nucleus basalis of Meynert, and in the locus coeruleus, clinically associated with depression and mood swings, explosivity, loss of attention, problems with concentration, headaches, and short-term memory loss. Stage III: Mild cerebral atrophy, septal abnormalities, ventricular dilation, a sharply concave contour of the third ventricle, and depigmentation of the locus coeruleus and substantia nigra, with dense phosphorylated tau pathology in medial temporal lobe structures, widespread regions of the frontal, septal, temporal, parietal, and insular cortices, the diencephalon, the brainstem, and the spinal cord, clinically associated with cognitive impairment, memory loss, executive dysfunction, loss of attention, problems with concentration, depression, explosivity, and visuospatial abnormalities. Stage IV: Further cerebral, medial temporal, hypothalamic, thalamic, and mammillary body atrophy, 7 Omalu et al. 29 Perivascular foci of phosphorylated tau, immunoreactive astrocytic tangles, and neurofibrillary tangles Sparse to frequent neurofibrillary tangles and neuropil threads in cerebral cortex, brainstem with or without neurofibrillary tangles and neuropil threads in subcortical nuclei and basal ganglia, no neurofibrillary tangles in the cerebellum, and no diffuse amyloid plaques in the cerebral cortex Irregular cortical distribution of phosphorylated tau, immunoreactive neurofibrillary tangles and astrocytic tangles with a predilection for the depth of cerebral sulci
Combination of sparse to frequent neurofibrillary tangles and neuropil threads in the cerebral cortex and brainstem with or without neurofibrillary tangles and neuropil threads in subcortical nuclei and basal ganglia, no neurofibrillary tangles and neuropil threads in the cerebellum, and sparse to frequent amyloid plaques in the cerebral cortex
Clusters of subpial and periventricular astrocytic tangles in the cerebral cortex, diencephalon, basal ganglia, and brainstem
Combination of moderate to frequent neurofibrillary tangles and neuropil threads in brainstem nuclei, no to sparse neurofibrillary tangles and neuropil threads in cerebral cortex and subcortical nuclei and basal ganglia, no neurofibrillary tangles and neuropil threads in the cerebellum, and no diffuse amyloid plaques in the cerebral cortex
Neurofibrillary tangles in the cerebral cortex located preferentially in the superficial layers
Combination of no to sparse neurofibrillary tangles and neuropil threads in the cerebral cortex, brainstem, and subcortical nuclei/ basal ganglia; no neurofibrillary tangles and neuropil threads in the cerebellum; and no diffuse amyloid plaques in the cerebral cortex septal abnormalities, ventricular dilation, and pallor of the substantia nigra and locus coeruleus, with phosphorylated tau pathology including in widespread regions of the neuraxis including the white matter, prominent neuronal loss and gliosis of cerebral cortex, and hippocampal sclerosis, clinically associated with dementia, profound short-term memory loss, executive dysfunction, loss of attention, problems with concentration, explosivity, aggression, paranoia, depression, impulsivity, and visuospatial abnormalities. The most advanced cases at this stage are associated with decreased brain weight and more severe cognitive abnormalities. 7 Currently, these pathologic characteristics can only be detected postmortem. Efforts are being made, however, to detect the pathologic correlates of chronic repetitive brain trauma, and CTE specifically, in vivo, using radiographic techniques. 40, [45] [46] [47] [48] At present, such technology is in its nascent stages, and has yet to be validated by comparison to pathologic findings.
HYPOTHESES Several hypotheses have been proposed to explain CTE, nearly all of which stem from the belief that single or repeated blows to the head result in the clinical and pathologic findings described. In his 1928 article "Punch drunk," Martland 14 proposed the following hypothesis:
I am of the opinion that in punch drunk there is a very definite brain injury due to a single or repeated blows on the head or jaw which cause multiple concussion hemorrhages in the deeper portions of the cerebrum.These hemorrhages are then replaced by a gliosis or degenerative progressive lesion in the areas involved.
Other hypotheses suggest that repeated blows lead to shear trauma to the axons resulting in increased membrane permeability and ion shifts as described by Giza and Hovda. 49, 50 This, in turn, leads to calcium influx and the subsequent release of caspases and calpains, triggering tau phosphorylation and aggregation. 49 Blaylock and Maroon 41 have recently suggested that immune excitotoxicity may be the underlying mechanism that results in CTE pathology. They have proposed that some initial head trauma primes the microglia for subsequent injury. Although both proinflammatory and anti-inflammatory cytokines and chemokines are released acutely after traumatic brain injury, microglia are initially in a largely proinflammatory state, switching later to a reparatory state. If, however, additional head trauma occurs, the hypothesis contends that microglia remain in a proinflammatory, excitotoxic mode, releasing cytokines, chemokines, and the inflammatory excitotoxins glutamate, aspartate, and quinolinic acid. These, in turn, lead to progressive neurodegeneration and the deposition of hyperphosphorylated tau protein, resulting in neurofibrillary tangle formation.
Such ideas about complex cascades with multiple different pathogenic mechanisms involved are reminiscent of current thinking about other neurodegenerative disorders such as AD. In both AD and CTE, protein folding status for tau has been argued to play potentially an important role. Cis-tau has been found to be extremely toxic [51] [52] [53] and may represent the initial insult activating a cascade that can lead to CTE in certain individuals or AD in others. Some research has suggested that axonal degeneration after traumatic brain injury, as opposed to being simply an acute or subacute response to injury, may persist for years, even in the absence of b-amyloid plaques, and may result from chronic inflammation. 54, 55 While axonal degeneration has been noted to occur even in the absence of b-amyloid plaques, survivors of traumatic brain injury often do have b-amyloid plaques years after the trauma. 56 These discrepant findings may be a result of changing pathophysiology, over time, after traumatic brain injury. The pathologic events leading from head trauma to CTE, however, remain poorly understood. On a more gross structural level, McKee et al. 12 propose that concussive impacts result in fluid waves within the lateral ventricles that place a shear stress on the septum pellucidum resulting in an enlarged cavum septum and septal fenestrations. In addition, they propose that ischemia contributes to the development of CTE, noting that tau pathology occurs at the depths of sulci. They propose damage to the blood-brain barrier and release of neurotoxins contributes to the perivascular nests of tau-immunoreactive neurofibrillary tangles and neuropil neurites. 12 Nearly all investigators describing CTE thus far propose an association between head trauma and the clinical and pathologic correlates. [7] [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] 23, 24, 26, 29, 32 Some authors have noted increased disease in those with longest durations and highest burdens of exposure. 14, 23, 31 Associations between other variables and disease burden, however, have also been proposed, including genetics, style of play, the manner in which concussions were managed in the past, psychiatric and other mental health disorders, alcohol and drug use, obesity, age-related changes to the brain, and coexisting dementing illnesses. 13, 57 In particular, APOE e genotypes have been proposed as associated with a higher disease burden. 8, 10, 23, 25, 32 In general, these case series are not designed to evaluate the effect of confounders on pathologic outcomes. DISCUSSION The work discussed above has brought several important findings to light. We know that some athletes exposed to repetitive brain trauma develop neuropsychological difficulties later in life. We know that some athletes exposed to repetitive brain trauma have the pathologic findings described above. We further know that some athletes with exposure to repetitive brain trauma have both neuropsychological difficulties and the pathologic findings noted above. There is, however, a lack of prospective data and properly designed case-control studies, thus limiting our current understanding of CTE.
Some authors have correctly pointed out that association does not necessarily mean causation. 13 It remains to be determined whether or not those former athletes who have the pathologic findings used to define CTE have a higher prevalence of the clinical symptoms than those athletes exposed to contact sports who do not have the pathologic findings. It may be that exposure to repetitive brain trauma causes the pathologic findings noted above, and that these changes to the brain result in the neuropsychological and physical findings described as CTE. It may be, however, that exposure to repetitive brain trauma results in long-term neuropsychological difficulties even in the absence of hyperphosphorylated tau or b-amyloid deposits, 58 and that these pathologic findings are associated with, but not causative of, the signs and symptoms. This would explain, in part, the different patterns of pathology noted by different investigators, and the fact that some asymptomatic individuals are noted to have the pathologic findings of CTE postmortem. 7 It may also be that the pathologic findings are causative of the signs and symptoms of CTE, but that they do not result exclusively from exposure to repetitive brain trauma. It is possible that repetitive trauma interacts with multiple other person-specific factors to shift those with higher levels of vulnerability to a clinical decline or to the expression of another clinical syndrome at an earlier age than is typical.
Our current understanding of CTE is limited by sampling bias, since most studies almost exclusively include contact sport athletes and others exposed to repetitive brain trauma. Furthermore, there is likely a self-selection bias, as families whose loved ones had what they believe were the effects of multiple blows sustained during athletics are more likely to donate their brains to this research. 28 Despite the validity of some of these criticisms, the value of this work must not be overlooked. The scientific method dictates that in our quest to discover the truth we must (1) make an observation, (2) develop an hypothesis that explains the observation, (3) test that hypothesis in varying situations, and (4) reach a conclusion based on the findings of those tests. The investigators cited throughout this article have made insightful and important observations. [7] [8] [9] [10] 12, 14, 17, 18, [25] [26] [27] 29 They and others have developed some hypotheses to explain these observations. 12, 14, 17, 18, 29, 41, 49 We must now test these hypotheses and, if necessary, develop new hypotheses, to further define the disease, and to develop strategies for diagnosing and treating those at risk. Ideally, future studies will (1) compare the pathologic findings of those exposed to repetitive brain trauma to those without repetitive brain trauma and (2) compare the neuropsychological symptoms of those exposed to repetitive brain trauma who have pathologic findings to those exposed to repetitive brain trauma who do not have the pathologic findings. Only then can we quantify the true contribution of exposure to repetitive brain trauma and the presence of hyperphosphorylated tau or b-amyloid deposits to clinical observations.
